The genetic structure of a species is influenced by its history and by current gene flow. Using a population genomics approach, we infer the demographic history of the false ringlet (Coenonympha oedippus) in Europe based on 1594 genome-wide double digest restriction site associated DNA sequencing loci from 96 individuals (32 localities) sampled throughout the fragmented species range. In contrast to the weak geographical structure in mitochondrial DNA, a clear nuclear differentiation was observed between the westernmost Atlantic localities, those from the western Alps and all other sampled localities. Mountain ridges were the main factor explaining population divergence at the European scale, while isolation by distance was found at a regional scale. We applied Approximate Bayesian Computation in a coalescent framework to infer past and contemporary demographic parameters. The best scenario suggested a first divergence between French and all other European populations around 66 000 years ago, such that the species survived the Last Glacial Maximum in at least two distinct areas separated by the Alps. This scenario fits species distribution modelling identifying variation of suitable areas with past climatic modifications. The Atlantic and western Alps lineages separated about 6000 years ago. Strong population decline was inferred in these lineages during historical time, in agreement with multiple records of recent decline of this species in Europe.
INTRODUCTION
The genetic structure of a species reflects both its history and ongoing gene flow. Characterizing demographic histories and identifying the main environmental factors shaping genetic variation at different spatial scales have been a major focus in evolutionary and conservation biology for decades. The Pleistocene cold periods in the northern hemisphere have influenced the distribution of species with range fluctuations linked to climatic variations. During glaciations, many temperate European taxa were restricted to southern ice-free refuges (Taberlet et al., 1998) . The present distribution of most species in Europe has resulted from a northward recolonization from those southern refuges after the Last Glacial Maximum (LGM), about 21 kya (Strandberg et al., 2011) . Under this hypothesis, the southern part of Europe should present the highest genetic diversity, in contrast to the recently recolonized northern part (Besold et al., 2008; Patricelli et al., 2013) . However, genetic analyses have identified numerous additional extra-mediterranean refuges, thus strongly modifying the biogeographical view of Europe (Schmitt & Varga, 2012) . This picture is complicated in species with a wide Eurasian distribution, where other potential eastern refuges could have existed, with possible admixture occurring between diverging lineages during post-glacial recolonization (Grassi et al., 2008) . Geographical distribution and genetic structure are affected not only by the evolutionary history of species but also by dispersal abilities, present demographic characteristics -especially fluctuations in population size -and by habitat fragmentation (Keyghobadi, 2007; Louy et al., 2013) . Many lowland insect species have been particularly affected by human impact via the intensification of agriculture (insecticide spraying, land draining). Although they were abundant a few decades ago, they now show highly fragmented populations with high extinction risk (Hallmann et al., 2017) .
Analyses of genetic diversity within and between populations provide key information for conservation of endangered species given that they allow us to infer important demographic parameters such as historical and contemporary effective population sizes, dispersal rates across populations and levels of consanguinity. This knowledge is necessary to guide conservation actions such as the creation of corridors favouring the natural re-colonization of suitable habitats, or the best choice of individuals for a successful re-location. To date, most phylogeographical studies at the continental scale have been based on mitochondrial DNA (mtDNA), and population genetic analysis have focused on a few allozyme or microsatellite markers and required the analysis of many individuals per population, which was not always possible for endangered species. With the development of high-throughput sequencing technologies, it is now possible to infer the genetic diversity within and between populations with only a few individuals per population, because the low number of individuals sampled is partly compensated for by a very high number of loci genotyped (Nazareno et al., 2017) .
In this study we used high-throughput genotyping besides the classical mitochondrial barcode (partial CO1) to uncover the past and current factors involved in shaping the genetic structure of one of the most endangered butterfly species in Europe, the false ringlet (Coenonympha oedippus). Although the species is distributed across Eurasia from western France to Japan (Bozano, 2002) , its range is today highly fragmented, especially throughout Europe (Kudrna et al., 2015) , because its habitat (mainly wetlands) has been significantly reduced and is still disappearing as a consequence of human activities (Lhonore & Lagarde, 1999) . Despite the wide distribution range of this butterfly, from Atlantic to Pacific coasts, very little information is available on the intraspecific pattern of genetic diversity in C. oedippus, and on the genetic connections between populations. Coenonympha oedippus is generally considered to be a monotypic species, despite many subspecific and infrasubspecific taxa proposed by different taxonomists (Bozano, 2002) , although genetic studies have often found cryptic genetic structure within butterfly species (Hebert et al., 2004; Dincă et al., 2011 Dincă et al., , 2015 Ritter et al., 2013; Lavinia et al., 2017) .
We used double digest restriction site-associated DNA sequencing (ddRADseq) to identify thousands of genetic markers without any prior knowledge on the genome of Coenonympha (Peterson et al., 2012) . We used nuclear genetic diversity to test for alternative demographic histories (splits, expansions, recent declines) of European populations by an Approximate Bayesian Computation (ABC) approach in a coalescent framework. Finally, we performed species distribution modelling (MaxEnt) to identify current and past climatically suitable areas for C. oedippus in Europe.
MATERIAL AND METHODS

Study SpecieS
Coenonympha oedippus (Fabricius, 1787) (Lepidoptera: Nymphalidae) is a univoltine Palearctic sedentary species flying mainly in June and July (Čelik et al., 2009; Verovnik et al., 2012; Bonato et al., 2014) . It is a hygrophilous insect inhabiting mostly wet meadows and fens, where caterpillars feed on Carex spp. as well as on Molinia caerulea, but at the southern range limit in north-eastern Italy and Slovenia it can be found also on drier grasslands (Habeler, 1972; Čelik et al., 2015) .
Coenonympha oedippus is one of the most endangered butterfly species in Europe and is listed in Annexes II and IV of the Habitats Directive as well in Appendix II of the Bern Convention (Van Swaay et al., 2010) . It became extinct in three of the 14 countries where it had been recorded (Van Swaay & Warren, 1999) , i.e. in Slovakia (Pastoralis & Reiprich, 1995) , Bulgaria (Staub & Aistleitner, 2006) and Switzerland (Dušej et al., 2010) . In most of other countries C. oedippus is declining and in the last 100 years it has disappeared from many localities, e.g. in Germany, where only one meta-population is still present in Bavaria (Bräu et al., 2010) , and France (Lhonore & Lagarde, 1999) , where the species went extinct in the Paris region, and is currently present in only two disconnected and distant regions: between the Atlantic coast and the Pyrenees (south-west France) and in the Rhône and Isère valleys in the Western Alps (eastern France). In the former region, populations are locally abundant in marshes (Poitou-Charente) and in managed maritime pine forests (Landes) (van Halder et al., 2008) , while in the latter region the species is restricted to three protected marshes (Lavours-Ain, Chautagne-Savoie and Montfort-Isère) (Varin, 1964) . The range of C. oedippus in Slovenia also contracted, and it now has a disjunct distribution there (Čelik & Verovnik, 2010) : the predominantly limestone region of south-west Slovenia, and marshy areas in central Slovenia south of Ljubljana. In contrast, over 100 populations are known to occur in northern Italy, but often restricted to small isolated areas (Bonelli et al., 2010) . Knowledge of the past and present distribution of C. oedippus in eastern Europe is still inadequate. For example, in Poland the species was considered extinct in the 1970s, but over the last three decades several sites have been discovered in the eastern part of the country as a result of intensification of inventory activities and therefore little is known about recent trends (Sielezniew et al., 2010; Sielezniew, 2012) .
In the last two decades, given the dramatic decline of populations throughout the western part of its European range, several studies have investigated the factors limiting population viability (for a review see Čelik et al., 2015) . Current threats include land reclamation for agriculture, land drainage and urban expansion, but also natural reforestation of grasslands.
Sample collection
A total of 32 localities were sampled through most of the distribution range of C. oedippus in Europe, from the westernmost populations on the Atlantic coast (southwest France) to those in the eastern Polish lowland, including many isolated localities around the Alpine mountain range ( Fig. 1; Table 1 ). Pairwise distances between sampled localities ranged from 400 m to up to 2600 km. The 32 sampling localities were categorized into five geographical regions based on the presence of natural barriers to dispersion (mountain range and distance): Atlantic (including populations from the Atlantic coast to the Pyrenees foothills), Western Alps (including localities from the Rhône and Isère valleys), Southern Alps (including localities from northern Italy to central Slovenia), Northern Alps (including localities from Liechtenstein and Bavaria) and East European (including Polish localities). Because of the endangered status of C. oedippus and in order to have the lowest impact as possible on the populations, only two to five males per sampled locality were caught using entomological nets at the end of the flying period (in July). They were kept dry (<1 month) and, after wing removal, the body was kept in 70% ethanol at −20 °C for genetic analysis, except for samples from Slovenia, which were kept at −80 °C. To test whether even less invasive sampling could be performed on this endangered species, we used only two legs from each of three specimens from Ger (Atlantic region). Legs were kept at −80 °C until extraction. Figure 1 . Map of Europe with the 32 sampled localities (coloured dots often overlapping), assigned to five geographical regions: Atlantic (orange), Western Alps (dark purple), Southern Alps (blue), Northern Alps (pink) and East European (green) (see Table 1 for details). Table 1 . Sample localities of Coenonympha oedippus and number of individuals used for nuclear (ddRADSeq) and mitochondrial (CO1) sequencing (see also DNA was extracted from the complete thorax of each individual, with the exception of the three specimens from Ger, using the DNeasy Blood and Tissue Kit (Qiagen, Germany) according to the manufacturer's instructions and stored at −20 °C. For those three specimens, DNA was extracted from two legs using a cetyl trimethyl ammonium bromide (CTAB) chloroform/isoamyl alcohol protocol (Doyle & Doyle, 1987) .
ddradSeq library preparation and Snp calling A ddRADseq experiment was conducted on 104 samples (98 specimens and six replicates; Table 1 ) in three libraries using a modified version of the protocol previously described (Peterson et al., 2012; Capblancq et al., 2015) . were estimated by comparing six replicate pairs (three inter-library and three intra-library replicate pairs). The c. 68 million DNA reads obtained were used to call single nucleotide polymorphism (SNP) genotypes with the STACKS pipeline (Catchen et al., 2013) as follows: the process_radtags function was first run to demultiplex the data and filter the reads based on their quality. We removed reads <100 nucleotides in length and cut all reads to this value, resulting in more than 92% of total reads being retained. On average, we retained 89% of total reads by individual after removing reads of low quality or with uncalled bases (options -q, -c and -r). Individuals with <100 000 reads were discarded (N = 2, Table 1 and Supporting Information, Table S1 ). Only SbfI reads were retained for de novo assembly on each individual using a maximum of seven mismatches to merge two stacks into a polymorphic locus (-M; ustacks function). This threshold was chosen after inspecting the effect of increased values of M on the proportion of polymorphic loci (see also Fig. S1 ). Highly repetitive stacks and overmerged tags were dropped using the 'Removal' (-r) and the 'Deleveraging' (-d) options. A catalogue of the loci from all the individuals was built, with a maximum of nine mismatches for merging two individual loci (-n; cstacks function). Loci within each individual were searched against the catalogue (sstacks function) and an SNP dataset was produced with the genotype of each individual for every polymorphic position (populations function).
genetic diverSity and genetic Structure eStimation
For genetic diversity indices and analysis of population structure, only SNPs present in more than 60% of the whole sampling were retained to avoid an excess of missing data. SNPs with a minimum allele frequency lower than 5% were removed from the dataset and only one polymorphic site was kept for each RAD-tag ('write_random_snp' option) in order to analyse only unlinked polymorphisms.
Genetic diversity by individual (individual heterozygosity, or observed heterozygosity Ho), within each sampled locality (population genetic diversity, or expected heterozygosity He), and between all population pairs was assessed using the R package hierfstat. F IS and F ST estimates were calculated according to Weir & Cockerham (1984) . Confidence intervals (95%) for Ho, He and F IS were assessed by 1000 bootstraps across loci.
Clustering of individuals into homogenous genetic clusters ranging from K = 1 to K = 32 was tested using STRUCTURE 2.3.4 (Falush et al., 2003) . For each run, a burn-in period of 5000 steps was followed by 20 000 iterations under the admixture model and the assumption of correlated allele frequencies among localities. For each K, ten runs were performed. Estimated log probabilities (ln P(D)) were averaged across runs and compared to determine the posterior probability of each K using Clumpak (Kopelman et al., 2015) . The best K was selected using the ΔK method (Evanno et al., 2005) in Structure Harvester (Earl, 2012) . As one single K value only provides an incomplete picture of overall population structure, we explored the pattern of population structure within the main clusters detected (Janes et al., 2017) .
To assess the respective roles of geographical distance and orographic barriers in population genetic differentiation of this species, we performed a multiple linear regression on distance matrix (MRM) in package R 'ecodist' where genetic distance F ST /(1 − F ST ) was treated as a response matrix. The straight-line geographical distances (square-root transformed) and presence of mountain ranges higher than 1100 m a.s.l. were set as the explanatory matrices. The available data on historical and present distribution of the species in Europe showed that 700 m a.s.l. is the highest altitude for most localities of the species (Verovnik et al., 2012; Bonato et al., 2014) . Exceptions are scarce localities in the southern foothills of the Alps where the species was found on semi-open dry grasslands at 750-1100 m a.s.l. (Čelik & Rebeušek, 1996; Jugovic et al., 2018) .
For phylogenetic inference, we used every locus present in at least 59 individuals of the whole sampling (N = 96), including invariant positions. Heterozygote positions were coded according to IUPAC. We used full sequences rather than just SNPs because full sequences are preferable from the perspective of branch length and topological accuracy (Leaché et al., 2015) . A maximum likelihood (ML) phylogenetic tree was generated using RAxML (Stamatakis, 2014) with 100 rapid bootstrap inferences following search for the best ML tree using the GTR+G model for rate heterogeneity.
CO1 Sequencing and phylogeographical analySiS
We sequenced also a mitochondrial marker for 38 individuals representative of 24 localities from all the main regions studied (Table 1) . CO1 was amplified using the primer pairs LCO-HCO and Jerry-Pat (Wahlberg & Freitas, 2007) (PCR protocol: 95 °C for 10 min; 35 cycles of 95 °C for 30 s, 50 °C for 30 s and 72 °C for 30 s; followed by a final extension period of 72 °C for 7 min) and sequenced by Genewiz Company (UK). The resulting chromatograms were visualized in the software BIOEDIT v.7.2.5 (Hall, 1999) and aligned using ClustalW and by eye. Five sequences of C. oedippus available in BOLD (http:// www.barcodinglife.org/) were added to the multiple alignment. They originate from the following localities: Ruggell, Liechtenstein (BOLD accession code: PHLAF624-11); Munich, Oberbayern (GenBank code: GU707147); Romano d`Ezzelino, Vicenza province, Italy (BOLD code: PHLSA390-11); Obluchye, European Russia (GenBank code: EU920755); Tavolzhanka, Kazakhstan (BOLD code: LOWA191-06). Additionally, sequences from eight outgroup species were chosen based on the most recently published phylogeny of Coenonymphina butterflies (Kodandaramaiah & Wahlberg, 2009) , including six Coenonympha species [C. tullia, C. hero, C. glycerion, C. nolckeni, C. phryne (previously under Triphysa) and C. myops (previously under Lyela); GenBank codes EU920762, EU920750, EU920749, EU920754, EU920739, EU920741], and two species of strictly related genera (Heteronympha merope and Mydosama terminus; EU92073, DQ338765). An ML phylogenetic tree was generated after selecting for the best model of molecular evolution using Mega7 v.7.0.14 (Kumar et al., 2016) .
demographic ScenarioS and population
Size inferenceS
Competing hypotheses regarding population divergence at the European scale were compared based on the nuclear data using ABC as implemented in DIYABC v.2.1 (Cornuet et al., 2014) . Based on the results from STRUCTURE, which identified three main genetic clusters (from west to east), we tested whether the geographically intermediate lineage (Western Alps region) was more closely related to the western (Atlantic region) or to the eastern lineage (remaining regions). For each scenario we allowed population size changes after each split time. The competing scenarios were set using uniformly broadly distributed priors (10 2 -10 7 individuals for population sizes and 1000-700 000 years for divergence times). As C. oedippus is a univoltine species (Čelik et al., 2009; Verovnik et al., 2012; Bonato et al., 2014) , divergence times were directly estimated in years. For each scenario, 100 000 datasets were simulated and the posterior probability was computed by performing a logistic regression on the 1% of simulated data closest to the observed dataset (Cornuet et al., 2014) . Summary statistics of observed/simulated dataset comparisons were mean genetic diversity within populations, and F ST and Nei's distances among populations, using only SNPs with a minimum allele frequency >5%. We further estimated divergence time and tested for recent bottlenecks within the western and intermediate lineages, and we tested alternative splitting hypotheses within the eastern lineage. More details on alternative models, model checking and parameter estimates are given in Figure S6 .
SpecieS diStribution modelS
We used Maximum Entropy Modelling (MaxEnt) to build species distribution models (SDMs) relating the distribution of C. oedippus to climatic variables, and to assess potential distribution changes since the LGM. MaxEnt is a presence-background modelling tool; comparative analyses showed that MaxEnt is among the SDMs with the best predictive performance (Elith et al., 2006 (Elith et al., , 2011 . Models were calibrated on the basis of 453 presence records, obtained by carefully mining the literature and selectively extracting records from the Global Biodiversity Information Facility (GBIF, 2016) , and from our own surveys (see also Table S2 ). As climatic variables, we considered a set of variables that represent the climatic conditions experienced by the species through the year: mean summer temperature, mean winter temperature, temperature seasonality, total precipitation during summer, and total precipitation during winter. Variables were extracted from the Worldclim dataset at the 10 arc-primes resolution (approx. 15 km within the study area) (Hijmans et al., 2005) . For analyses, we only retained one presence record per cell. We built models with linear, quadratic and hinge features; we ran preliminary models with a range of different regularization multipliers (1, 2, 3, 4, 5, 7 and 10) and selected the best regularization multiplier on the basis of the corrected Akaike's information criterion (AICc) (Warren & Seifert, 2011) . We used a ten-fold crossvalidation to assess the predictive performance of the best AICc model (Nogués-Bravo, 2009 ). Predictive performance was evaluated on the basis of the area under the curve of the receiver operator plot of the test data (AUC), averaged over the ten replicated runs (Manel et al., 2001) . We assumed that a cell is suitable if its suitability value was higher than the 10% test presence threshold (averaged over the cross-validated runs); we assumed a high suitability if suitability was higher than 0.5 (Pearson et al., 2007; Elith et al., 2011) . Models were then projected to the mid-Holocene (6 kya) and LGM (21 kya) conditions, using the MPI-ESM model. When projecting to past climates, we assessed whether models were projected into climatic conditions different from those found in the calibration climate using clumping and evaluating if climatic variables are outside the training range (Elith et al., 2010) .
RESULTS
nuclear genetic diverSity
More than 60 million high-quality reads were obtained with an average 600 000 reads per sample. A total of 102 samples (96 individuals and six replicates), with an average of 7500 loci per individual (mean coverage per locus: 60) were kept for genetic analysis (see also Table S1 ). The three samples from Ger (Atlantic region) passed the filter, indicating that DNA extracted from two legs can be sufficient to successfully achieve the ddRADseq experiment. A total of 1594 loci (100 bp each, including 126 monomorphic loci) present in >60% of the whole sampling (i.e. ≥59 individuals) were considered. A total of 1314 independent SNPs were retained by selecting one random SNP per locus with minimum allele frequency >5%. Genotyping errors ranged from 1 to 10% for locus dropout (absence of a locus in the replicate) but allelic dropout (heterozygous position genotyped as homozygous in the replicate) was always ≤1.5%.
Observed heterozygosity of individuals (Ho) ranged from 0.109 (Western Alps region) to 0.169 (Atlantic region) ( Table 2 ; Fig. 2A) , and was significantly lower in the localities from the Western Alps region compared to other regions (F 4,27 = 7.01, P < 0.01, adjusted R 2 = 43.7%). Population diversity (He) ranged from 0.152 (in the locality MTF, Western Alps region) to 0.266 (in one locality from the Southern Alps region) ( Table 2 ; Fig. 2B ), and was again significantly lower in the Western Alps region than in other regions (F 4,27 = 13.22, P < 0.01, adjusted R 2 = 61%). Inbreeding coefficients (F IS ) ranged between 0.291 and 0.442 and did not differ significantly between regions (F 4,27 = 2.146, P > 0.05; Fig. 2C ).
population Structure
The STRUCTURE Bayesian assignment approach showed that C. oedippus populations are genetically differentiated across Europe. The highest likelihood was for K = 7 and ΔK was maximum for K = 3, with a secondary maximum for K = 8 (Fig. 3 and see also Fig. S2 ). At K = 3, a primary separation was found between the following three groups of populations, from west to east: (1) all localities from the Atlantic region; (2) all localities from the Western Alps region, with the possible exception of MTF (Isère valley); and (3) all localities from the remaining regions, i.e. Northern Alps, Southern Alps and East European region. The locality MTF remained uncertainly assigned to one or the other of the two latter groups. At K = 4 all localities from the Southern Alps region formed a distinct group with the exception of the easternmost one (LB, Ljubljansko barje, Slovenia), which remained uncertainly assigned. At K = 5 the locality from the Isère valley (MTF) was separated from all the others. At K = 6 the localities from the Northern Alps region were separated from those in the East European region. At K = 7, some evidence of admixture was retrieved between the latter groups. At K = 8, the two localities from south-west Slovenia (CD, COE), which are the only sampled localities from the dry ecotype (Jugovic et al., 2018) , separated clearly from the remaining localities of the Southern Alps region, which showed some differentiation between a western group and an eastern group. Pairwise F ST values ranged from 0 to 0.36 (see Table S3 ). At the entire European scale, there was no significant correlation between geographical and genetic distances (P = 0.42) of sampled localities. Genetic differentiation between localities separated by mountain ranges higher than 1100 m was significantly higher (P < 0.01) compared to other localities. At the regional scale, a strong and significant pattern of isolation by distance (IBD) was found across the localities from the Western Alps region (R 2 = 0.98). Moderate and significant IBD was found across localities within the Atlantic region (R 2 = 0.55), and low but significant IBD was found across those from the Southern Alps region (R 2 = 0.11). Instead, no IBD was observed across populations in the East European region (see also Fig. S3 ). IBD was not tested across the three localities from the Northern Alps.
In the ML tree based on the nuclear dataset (Fig. S4 ), the two replicates for each replicated individual (N = 6) grouped together with 100% bootstrap support (BS), whereas individuals from a single locality grouped together only for some localities, especially those from the Northern Alps region and East European region. Relationships between localities were overall poorly supported, with only a few well-supported groups, from west to east: (1) all localities from the Atlantic region (99% BS), within which the single locality from the Pyrenees was well separated (Co; 100% BS); (2) all localities from the Western Alps region (87% BS), with two subgroups, i.e. the locality from Isère valley (MTF; 100% BS) and all others from the Rhône valley (100% BS); (3) the two localities from Liechtenstein (RUG, SCH; 99% BS); (4) both localities of the dry ecotype from the Southern Alps region (CD, COE; 100% BS); and (5) two localities in the East European region (KAM, UHO; 80% BS). Of the five geographical regions, only the Atlantic and Western Alps were strongly supported as monophyletic groups in the ML tree (BS ≥ 87%).
mitochondrial diverSity
A total of 17 haplotypes were found for the CO1 fragment sequenced from 43 individuals: 38 individuals in our sample (Table 1 ) and five specimens from the BOLD database (Fig. 4A) . The most common haplotype (Hap_1) was shared by 16 individuals out of a total of 43 and was found across central and eastern Europe but not in the Atlantic populations. It differed by only one mutation from the second-most represented haplotype (Hap_3), which was found in the Atlantic and in the Southern Alps regions. Most other haplotypes were very similar (one to five mutations from either Hap_1 or Hap_3), including the haplotype of a previously sequenced individual from European Russia (Hap_17), but with the remarkable exception of the haplotype of the single individual sampled from central Asia (Hap_16). The latter had 3.5-3.7% divergence from all the other haplotypes, while pairwise divergence within Europe did not exceed 0.44% (Fig. 4B) . Many haplotypes were found in the Southern Alps region (ten haplotypes for 16 sampled specimens) while only the most common haplotype was found in the Western Alps region.
Mitochondrial nucleotide diversities (π and θ; A phylogenetic analysis of the CO1 sequences (Fig. S5 ) did not recover well-supported relationships between different localities of C. oedippus.
hiStorical demographic ScenarioS and population Size inference
The most likely scenario (Figs 5A, S6A) was a first divergence between the western groups of populations (Atlantic region and Western Alps region) and the other European populations, around 66 kya [95% confidence interval (CI): 30-95 kya], followed by a much more recent divergence between the Atlantic group of populations and the Western Alps group, around 6 kya (95% CI: 1-10 kya). These divergence events were associated with moderate population size changes, and the inferred population sizes for the three lineages ranged between 10 5 and 10 6 individuals at splitting times; a strong population decline was observed in the Western Alps lineage during the last 1000 years with an estimated current median effective population size of only around 8000 individuals (Figs 5A, S6A) .
When focusing on the western populations (Atlantic and Western Alps regions), the scenario involving a population bottleneck was much more likely than a scenario involving only population divergence without population size change (Figs 5B, S6B ). An impressive decline was detected in all populations during the last 2000 years, with those in the Atlantic region and in the Rhône valley declining from ~10 6 to 10 4 individuals, and the single population of the Isère valley (MTF) from 10 6 to ~500 individuals. When focusing on the remaining European populations, the analyses were not able to distinguish between alternative scenarios for the splitting and/or admixture among the populations of the East European region, those from the Northern Alps region and those in the Southern Alps region (results not shown).
SpecieS diStribution modelS
MaxEnt models showed excellent performance in describing present-day distributions in central and western Europe (Fig. 6A) ; average AUC across the cross-validated runs was 0.94 (SD = 0.028). Summer temperature and summer precipitation were the variables with the strongest contribution to the model (35% and 29%, respectively). Suitability in the mid-Holocene (6 kya) was similar to the presentday situation, with broader highly suitable areas (Fig. 6B ). The situation was very different in the LGM (21 kya). In this period, the model suggested three separate suitable areas. Two small suitable areas were at opposite ends of the Pyrenean chain (Fig. 6C) . Furthermore, a broader suitable area was present from northern Prealps to western Pannonian Plain, southern Prealps, Padan Plain and north-western part of the Balkan peninsula.
DISCUSSION potential of uSing ddradSeq genotyping on endangered SpecieS
We demonstrate here for the first time the potential of a recently developed genotyping next-generation sequencing (NGS) strategy (ddRADseq) to identify thousands of genetic markers from an endangered butterfly species, without any prior knowledge on the genome, at reasonable cost. We show that genotyping only three individuals per locality allowed us to infer robust genetic population indices and phylogeographical patterns, at a spatio-temporal scale suitable for conservation purposes. This result is concordant with other recent studies which have demonstrated that working with large NGS datasets provides sufficient robustness in population genetics analysis to use only a few individuals per population (Willing et al., 2012; Nazareno et al., 2017) . In contrast to the low mitochondrial variation detected by sequencing the cytochrome oxidase 1 mitochondrial (CO1) gene, which is routinely used as a barcode in butterflies, we found large variation in nuclear genetic diversity across Europe, and identified localities where loss of genetic diversity poses threats to species persistence. Furthermore, we show that two butterfly legs provide enough material to apply this technique to highly endangered species without killing specimens. Indeed, leg removal was shown to have no effect on butterfly survival or behaviour (Koscinski et al., 2011) . Finally, the application of new statistical techniques (ABC and coalescent inferences, niche modelling) on this NGS dataset representative of the current distribution of the species in Europe with sampling of only three individuals per locality allowed us to infer complex demographic scenarios.
biogeographical hiStory of C. Oedippus
The analysis of nuclear and mitochondrial variation of C. oedippus specimens collected throughout most of the European range of the species, together with species distribution modelling, suggests that the ancestors of all current European populations survived the last Pleistocene glacial period in at least two refuges, west and Isère valley (MTF locality). Only the best scenario (with bottlenecks) is shown (posterior probability 0.77; 95% CI: 0.401-1.000). N: estimated median of the effective population size; CI95%: 95% confidence interval of the effective population size; t: 95% confidence interval of the time since splitting or since bottleneck in years ago (ya). For more details on the ABC models see Figure S6 . Figure 6 . Results of species distribution models: suitability for Coenonympha oedippus under (A) present-day, (B) mid-Holocene (6 kya) and (C) Last Glacial Maximum (21 kya) climatic conditions. Here, 0.0883 is the 10% test presence threshold; 0.342 is the maximum test sensitivity plus specificity threshold; and values >0.5 indicate very high suitability, as 0.5 is the typical suitability of presence points used by MaxEnt for calibration (Elith et al., 2011). and east of the Alps. Species distribution modelling based on current occurrence of the species suggests that only three areas were potentially suitable for the species during the LGM: two very small coastal areas west and east of the Pyrenees, and one much larger eastern area from the northern Prealps, through the Adriatic region, to the north-western part of the Balkan peninsula and northern Italy. The ABC demographic inferences suggest that two distinct lineages survived the LGM, one most probably in an area west of the Alps, and another somewhere north-east and/or south-east of the Alps. The Atlantic and Western Alps lineages diverged only after the LGM, about 6 kya. During mid-Holocene warming, the climatically suitable area increased dramatically northwards especially in Western Europe (Bell & Walker, 1992) , initially probably allowing gene flow between populations in different French regions. However, the subsequent forest expansion in this part of Europe is the most likely reason for the separation between the populations of the Atlantic regions and those of the Western Alps region. Indeed, simulations of potential land cover after LGM in Europe consistently suggest that extensive forests occupied large areas of Europe, particularly north and west of the Alps (Strandberg et al., 2011) . In contrast, weak genetic structure was observed within the 'East' lineage (STRUCTURE and ML analyses), which is concordant with the MaxEnt prediction of a large, climatically suitable area north, south and east of the Alps and with the large population size inferred throughout time for this lineage.
The absence of geographical structure in the variation of the mitochondrial CO1 marker, with closely related haplotypes present from western France to Russia, and the most common haplotype found from the Western Alps to eastern Poland, also suggests rapid expansion of the species throughout Europe after the last glacial period. The current locations in the Southern Alps region account for most of the mitochondrial haplotype diversity, but comparable diversity persists in the small locations still surviving in the Northern Alps region, suggesting that the two regions were interconnected throughout the Würm glaciation, without strong population bottlenecks, as suggested by the large climatically suitable area during LGM, with four small highly suitable areas predicted by MaxEnt analysis along the northern, eastern and southern Prealps. The star-like patterns in the mitochondrial haplotype network suggest two distinct expansion events, presumably from the Northern-Eastern-Southern Alps region for Hap_1 (with unique derived haplotypes in the Southern Alps, Northern Alps and East European regions) and from the Atlantic region for Hap_3 (with some derived haplotypes in this region only). Interestingly, two allopatric centres of differentiation during the last glacial period (Atlantic and Adriatic-Mediterranean) are also the most likely origin for one other satyrine butterfly, Maniola jurtina (Schmitt et al., 2005) .
The distinct, highly divergent haplotype found in Kazakhstan suggests that there was at least one other more eastern refuge for the species during the Pleistocene glaciations, but this refuge did not contribute to the recolonization of Europe after the LGM. More samples from central and eastern Europe (e.g. Austria, Hungary, Belarus, Ukraine) and from Asia would be necessary to reconstruct the post-glacial biogeographical history of C. oedippus throughout its whole distribution range.
The current estimated effective population size is far higher for the lineage distributed in central and eastern Europe (10 6 individuals) and that surviving in the Atlantic region (10 5 ) compared to the populations of the Western Alps (10 3 ). Furthermore, the strong decline observed in the Western Alps is recent, with dramatic population decline estimated from 10 6 down to 10 3 in recent centuries. This scenario based on nuclear markers is also supported by the highest mtDNA haplotype diversity and divergence found in the Southern Alps and Northern Alps regions, suggesting that different haplotypes were randomly lost during/following fragmentation in the Atlantic and Western Alps regions. Indeed, although in both latter regions the haplotypes found were common haplotypes in Europe, none was shared between the two regions. The lack of mtDNA variability across all populations from the Western Alps region, where only one haplotype was found, supports a dramatic population decline in this region.
genetic differentiation acroSS populationS
In contrast to the mitochondrial marker, the ddRADseq multilocus analysis allowed us to differentiate the samples according to their geographical location, with a clear E-W and N-S population genetic differentiation. However, in accordance with the analysis of mtDNA haplotypes, we found little support for highly diverging lineages in Europe: there were only few informative sites (i.e. differently fixed nucleotides across populations), and the relationships between localities were overall poorly resolved. Of the main genetic groups well supported both in phylogenetic (ML tree) and in population genetic (STRUCTURE) analyses, three correspond to subspecies previously described based on wing coloration pattern variation, i.e. aquitanica Varin, 1952 At the European scale, the pairwise genetic differentiation (F ST ) was moderate (0.04-0.15 on average) given the wide geographical range sampled. The main barrier to gene flow appeared to be mountain ranges rather than geographical distance, with the Alps and Massif Central separating the three main genetic lineages. This is in line with the known biology of this lowland species, which has never been recorded at an elevation above 1100 m, although it is often found in mountain foothills (e.g. Pyrenées, Alps).
The weak genetic structure and the IBD patterns observed within geographical regions suggest that populations were presumably more connected in the recent past. Indeed, historical records from the beginning of the 20 th century suggest a much larger distribution throughout France, Switzerland and Germany. Low-altitude wetlands and oligotrophic grasslands are the habitats that have suffered the most from intensive agriculture development, land draining and urbanization since the early 20 th century throughout Europe, especially in western Europe (Levers et al., 2016) . For some other butterfly species, their current genetic structure may be explained better based on past rather than present distribution (Orsini et al., 2008; Sielezniew et al., 2012) .
genetic eroSion and drift
Lowest genetic diversity was found in the Rhône and Isère valleys (Western Alps region), with < 0.20. The locality MTF (Isère valley) showed significantly less diversification than any other locality, while the highest diversity was observed in localities from the Atlantic, Southern Alps and East European regions, with > 0.25. The low genetic diversity observed in some localities, especially MTF (0.15), suggests allele loss through genetic drift in isolated populations with low effective size. This genetic erosion observed only in the Western Alps populations is concordant with the observation of a single mitotype throughout this region, as opposed to all other regions, where several mitotypes were found, indicating the persistence of large populations.
For the Western Alps region, population size has been estimated to range from a few hundred in the Isère valley (MTF) to several thousand individuals in the Rhône valley (PCC) by capture-mark-recapture (unpublished data). These direct estimates from the field fit well with population size estimates from gene coalescence simulations, suggesting that our previous distributions and model selection through the ABC procedure are realistic. The available habitat consists of several hundred hectares in the Rhône valley, while it is restricted to 6 ha of protected area in the Isère valley (MTF locality). Despite the nearest populations being only about 60 km apart, the high F ST values (around 0.33) between this locality and the neighbouring ones suggests that gene flow has been interrupted between MTF and other Western Alps localities (LV, PCC, CNC, CSC). The latter have similar levels of genetic diversity (around 0.20, all 95% CIs overlapping): LV is a protected site, only a few hectares in size, but geographically close (~5 km) to a larger habitat in Savoie (several hundred hectares, three populations sampled: PCC, CNC, CSC). Genetic differentiation between these two areas is low, suggesting that ongoing gene flow has probably helped to maintain a relatively high genetic diversity, which could reflect the legacy of formerly large and interconnected populations. Alternatively, sufficiently large populations might have persisted over time to maintain the high genetic diversity found in this protected area of the Rhône valley.
In comparison to the Western Alps region, localities from the Atlantic region are far more diversified and connected, with pairwise F ST usually not exceeding 0.10, except for the southernmost locality from the Pyrenees (Co), which is more than 100 km from the closest sampled localities (see Table S3 ), and is also the least diverse population within the region (He = 0.217, Table 2 ). This suggests that populations in the Atlantic region are still large and genetically connected, in accordance with a large climatically suitable area in this region, and with the persistence of several mitotypes.
The same pattern of IBD is observed among localities throughout northern Italy to central Slovenia (Southern Alps region). However, locality LB from central Slovenia was found admixed with localities of both East European and Southern Alps regions, but not with the nearby localities CD and COE, which formed a distinct genetic cluster (Fig. 3) . Locality LB comprises wet grasslands, while CD and COE are in a distinct karstic habitat, sub-mediterranean dry grasslands in different successional stages up to light woods (Čelik & Verovnik, 2010) , which are drier and from phytosociological aspect different from the typical wet grasslands where C. oedippus is mostly found in Europe. Interestingly, a recent analysis of wing morphology found ecotype differences for wing size and shape (Jugovic et al., 2018) . The distinctiveness of this dry habitat might have limited gene flow and/ or promoted local adaptations, but a larger sampling (in terms of both individuals from the two contrasted habitats and SNPs across the genome) would be necessary to test these hypotheses.
Our results also show that the fragmentation of C. oedippus populations in France started long before intensive agriculture and urbanization, as the split between Atlantic and Western Alps lineages was estimated to >15 kya. This fragmentation into two lineages in France is unlikely to be due only to the ecological barrier of the Massif Central, although we found that mountain ranges are relevant barriers to gene flow in this species. During Holocene warming, natural reforestation could also explain the population fragmentation of this open-land butterfly. In Europe, human populations expanded as early as 11 kya, linked to revolutions in Neolithic agriculture that sustained substantial population growth (Barker, 2009) . By maintaining semi-natural open habitats, human activities might have mitigated the negative impact on C. oedippus in terms of land monopolization for agriculture and urbanization. Most of the current European populations of the species are found in protected areas that are managed in order to maintain an open environment. In addition to openness of the habitat, oligotrophic soil favouring grasses and sedges (i.e. larval host plants with erect leaf orientation) over other herbs (with plane leaf orientation) appears to be a key factor for pre-adult stages (Čelik et al., 2015) , as it creates microhabitats with herb vegetation structure providing suitable microclimatic conditions. Therefore, forest extension after the LGM is a more likely factor than early agriculture in explaining the fragmentation of C. oedippus during the Neolithic. In Poland and Belarus the butterfly is restricted almost exclusively to some fen communities (Sielezniew, 2012; Kulak & Yakovlev, 2018) , which could have been relatively stable open ecosystems before recent human-induced drainage and eutrophication (Jabłońska et al., 2014) . Currently they have to be managed to prevent ecological succession and one population went extinct before that need was realized (Sielezniew et al., 2010) . However, many historical population extinctions have been recorded in France (Lhonore & Lagarde, 1999) , Switzerland (Dušej et al., 2010) , Germany (Bräu et al., 2010) , Italy (Bonelli et al., 2010; Bonato et al., 2014) , Slovenia (Čelik et al., 2015) , Slovakia (Pastoralis & Reiprich, 1995) and Bulgaria (Staub & Aistleitner, 2006) during the last century, indicating that the population decline of this butterfly species is ongoing due to intensive agriculture and urbanization.
CONCLUSION
Despite a highly fragmented distribution in Europe, populations of C. oedippus still conserve a high level of genetic diversity, except in a few locations (e.g. MTF) where there is evidence for genetic erosion and lack of connectivity. This high genetic diversity appears to be a legacy of previously large and interconnected populations that expanded after the LGM from at least two distinct refuges probably separated by the Alps. 
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